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The matrix element Vud of the CKM matrix can be determined by
two independent measurements on neutron decay: the neutron lifetime τn
and the ratio of coupling constants λ = gA/gV , which is most precisely
determined by measurements of the beta asymmetry angular correlation
coefficient A. We present recent progress on the determination of these
values and derive a world average of Vud = 0.9743(2)RC(8)τn(12)λ.
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1 Introduction
To obtain the matrix element Vud from the decay of the free neutron only two separate
inputs are required. These are the neutron lifetime τn and the ratio of axial vector and
vector coupling constants λ, which can be determined by measurements of angular
correlations in neutron decay [1, 2]. Vud can then be determined by [3]
|Vud|
2 =
(4908.7± 1.9)s
τn (1 + 3λ2)
, (1)
where the numerator includes all constants, with the Fermi coupling constant precisely
determined in muon decay, and the theoretical uncertainty of the radiative corrections
(RC) (see also [4]).
2 Neutron Lifetime
Neutron lifetime experiments fall into two separate groups. The first group can be
classified as “counting the dead”: a beam of neutrons passes an active volume of
length l. Electrons or protons from neutron decay from within that volume are
counted. An absolute measurement is made of the thermal equivalent flux φc of the
neutron beam. Typically, the decay probability of the neutron within the volume is
on the order of 10−6. The neutron lifetime τn is then derived from the electron or
proton count rate r:
r ≈
φc l
v0 τn
, where v0 = 2200m/s (2)
Experimentally challenging are several absolute measurements that are required: the
neutron flux, the electron/proton count rate and the length of the active volume.
Figure 1 gives an overview of all neutron lifetime experiments with a precision
better than 10 s. The in-beam measurements are indicated in blue. The most precise
experiment of this kind is carried out at NIST [12]. From this type of measurement
we obtain an average of
τn = 887.6± 2.7 s (in-beam measurements only). (3)
The second group of experiments uses the property of ultracold neutrons (UCN)
to be reflected from surfaces under any angle of incidence. UCNs are trapped in a
closed vessel and the their lifetime is measured by “counting the survivors” N(t) after
some storage time t:
1
τn
=
1
t
ln
N(0)
N(t)
(4)
The reflection probability on the trap surfaces is typically on the order of (1− 10−5)
per collision, which causes additional, neutron energy dependent losses. These are
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accounted for by varying the trap size and extrapolation to an infinite volume. Fig-
ure 2 shows the difference between the longest neutron storage time achieved and the
derived neutron lifetime. We note that the measurement with the smallest extrapo-
lation [13] is currently not included by the PDG in the world average of the neutron
lifetime [5].
Since the temperature of the trap wall is typically much larger (≈ 100K) than
the temperature of the UCNs (≈ 1mK), energy transfer to the UCNs is possible.
The most recently published Mambo II experiment [14] is the improved successor of
the original Mambo experiment [7]. Their result is – to leading order – insensitive to
UCN spectrum changes due to careful preparation of the initial spectrum and clever
choice of measurement time intervals.
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Figure 1: History of neutron lifetime
measurements with a precision better
than 10 s: in-beam measurements are in-
dicated in blue, storage experiments in
green. The results of [13] and [14] are
not included in the PDG 2010 average.
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Figure 2: Neutron lifetime determination
by storage of ultracold neutrons: The
largest storage time achieved is indicated
along with the derived neutron lifetime.
Like the authors of [14, 26, 27] we propose to include all measurements [6, 7, 8,
9, 10, 11, 12, 13, 14] in the average and scale the error according to PDG procedures,
despite the large discrepancy between the measurements with the smallest quoted
uncertainty [11] and [13]. We obtain:
τn = 881.8± 1.4 s, S = 2.7, (all measurements), (5)
where S denotes the scaling factor. We note that the authors of [15] have published
Monte-Carlo studies of the setups used for [7] and [11] where they report large sys-
tematic errors.
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Figure 3: Determination of λ from correlation measurements. Included are the pre-
liminary value by the Perkeo II collaboration [21], which combines [20] and [23],
and the recent result of the UCNA experiment [22]. The band indicates the proposed
updated average.
Further experimental details on neutron lifetime experiments can be found in the
reviews [24, 21, 25, 27].
3 Ratio of Coupling Constants λ
Assuming vector current conservation, the axial vector coupling constant can be deter-
mined within the Standard Model from a variety of angular correlation measurements
[1, 2]. The most precise determination comes from measurements of the beta asym-
metry A correlation coefficient, which describes the correlation between neutron spin
and electron momentum. To leading order A0 this asymmetry is given by
A0 =
−2 (λ2 − |λ|)
1 + 3λ2
, (6)
where λ = gA/gV is the ratio of axial vector and vector coupling constants. Due to
the equally high sensitivity on λ, the determination of the electron-neutrino angular
correlation a is another candidate.
The most recent determinations of the beta asymmetry have been performed us-
ing a similar scheme as the original Perkeo instrument [16]. The decay of polarized
neutrons in a strong magnetic field is analysed by electron spectroscopy with a solid
angle coverage of 2×2pi. The Perkeo II collaboration [20, 21] uses a split coil setup
and a strong cold neutron beam, whereas the UCNA collaboration uses ultracold
neutrons stored within a strong solenoid [22]. In these experiments backscattering of
electrons from the detectors, a serious source of error in β-spectroscopy, is strongly
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suppressed by a decrease in magnetic field strength towards the detectors and de-
tection of backscattered electrons in the second 2pi detector. Only minor corrections
at the percent level are required to the raw measured value, whereas previously cor-
rections due to e.g. solid angle, neutron polarisation and magnetic mirror effects
attributed to 15− 29%. A history plot including corrections is found in [21].
Figure 3 gives an overview of recent precise measurements of λ. We combine the
results of [16, 17, 18] (all included in the PDG 2010 analysis) and the new results of
[21, 22] to obtain
λ = −1.2734(19), S = 2.3, (7)
were we have scaled the error bar according to standard PDG procedures.
Several new projects are currently running or being built to improve the experi-
mental accuracy. The Perkeo III spectrometer [32] increases the size of the active
volume by almost two orders of magnitude, which makes it feasible to use a pulsed
neutron beam. Beam related background can now be measured under the same con-
ditions as the decay signal itself and can thus be fully subtracted. Data of a run in
2009 is currently being analysed.
The instrument PERC [31], which is under development by an international col-
laboration, follows a radically novel concept to improve systematics and statistics:
to maximise the phase space of the neutrons, a neutron guide consisting of non-
depolarising mirrors in a strong magnetic field is used as active volume. A magnetic
filter is then used to limit the phase space of the emerging electrons and protons. A
detailed analysis shows that all relevant sources of systematic error can be controlled
on the 10−4 level or better, an improvement by one order of magnitude in comparison
to existing spectrometers.
Complementary to electron asymmetry measurements, several projects (aSPECT,
aCORN, Nab, PERC) aim to derive the ratio of coupling constants λ with competitive
precision from the electron-neutrino correlation coefficient a.
4 Summary and Outlook
Combining our new averages (5) and (7) with equation (1), we obtain from neutron
decay data alone
Vud = 0.9743 (2)RC (8)τn (12)λ. (8)
Due to the discrepancies in the published values, the error of the neutron lifetime τn
has been scaled by 2.7 and the error on the ratio of coupling constants λ has been
scaled by 2.3.
This value is in perfect agreement with the value Vud = 0.97425 (21)RC (8)exp from
nuclear beta decays (see [28, 29, 30]), albeit with a much larger experimental error.
Unlike nuclear beta decay, current neutron beta decay experiments are not limited
by the theoretical knowledge of nuclear corrections.
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We note that the PDG 2010 finds Vud = 0.9746 (2)RC (4)τn (18)λ [5] based on a
subset of the data used in our analysis.
New experiments on the neutron lifetime using novel techniques such as wall-less
magnetic storage of neutrons and in situ observation of decay protons or electrons
will significantly reduce systematic uncertainties and are expected to resolve the cur-
rent disagreements. Several new measurements have been proposed e.g. at a recent
conference at the ILL [33] and some of them have already collected data.
The angular correlation measurements are also pursued by a lively community.
Currently, the Perkeo III, UCNA, aSPECT and aCorn experiments are running
or analysing data. The next generation projects PERC and Nab aim to improve the
current precision to the same level as in nuclear beta decay.
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